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1. Introduction {#advs1156-sec-0010}
===============

The global annual production of plastics has been estimated to reach 348 million tons (Mt.) in 2017,[1](#advs1156-bib-0001){ref-type="ref"} of which 90% was produced from fossil fuels.[2](#advs1156-bib-0002){ref-type="ref"} Packaging is the largest application sector making up close to 40% of the total plastics demand.[1](#advs1156-bib-0001){ref-type="ref"} The short‐lived, disposable packaging materials greatly contribute to the municipal solid waste and marine anthropogenic litter, which have caused a serious worldwide environmental crisis.[3](#advs1156-bib-0003){ref-type="ref"} Recycling of postconsumer plastics by recovering its monomers as raw materials for new polymer production has been suggested as the most economic approach to treat plastic waste, and thereby closing the loop of a circular economy.[1](#advs1156-bib-0001){ref-type="ref"}, [4](#advs1156-bib-0004){ref-type="ref"}

Polyethylene terephthalate (PET) is a semicrystalline thermoplastic polyester and is mainly processed to beverage bottles and other containers used for food packaging.[1](#advs1156-bib-0001){ref-type="ref"}, [5](#advs1156-bib-0005){ref-type="ref"} The global annual production of PET resins is ≈33 Mt. while a similar amount of PET waste is generated every year mainly composed of postconsumer packaging materials.[6](#advs1156-bib-0006){ref-type="ref"} Recently, a biological recycling of PET to regain its monomers terephthalic acid and ethylene glycol has been suggested as an alternative to the currently performed mechanical and chemical recycling processes.\[qv: 3c,7\] PET shows a high recalcitrance to biological degradation although its monomers are connected by simple ester bonds.[8](#advs1156-bib-0008){ref-type="ref"} Previously identified PET‐hydrolyzing enzymes were found within several small homologous groups.\[qv: 7b,9\] The report of a mesophilic PET‐assimilating bacterium *Ideonella sakaiensis* has recently attracted the attention of the scientific and general audience.[10](#advs1156-bib-0010){ref-type="ref"} However, the PET‐hydrolyzing enzyme of this strain with a temperature optimum of 40 °C was shown to be markedly less efficient in the PET degradation compared to selected thermophilic counterparts.\[qv: 7b,\]10--11 This is due to a high glass transition temperature of PET of around 75 °C where the amorphous PET domains gain enough mobility to be readily accessed by the enzyme.\[qv: 7b,11\] It has also been shown that the crystallinity of a PET sample strongly influences its degradation efficiency catalyzed by various polyester hydrolases.[10](#advs1156-bib-0010){ref-type="ref"}, [11](#advs1156-bib-0011){ref-type="ref"}, [12](#advs1156-bib-0012){ref-type="ref"} These previous studies indicated that the high degree of crystallinity above 20% of PET bottles and fibers was correlated with a considerably low enzymatic degradation rate. Although a pretreatment at high temperature (250 °C) and pressure (39 bars) could convert highly crystalline PET fibers into biodegradable oligomers,[13](#advs1156-bib-0013){ref-type="ref"} this process was much more energy consuming than an enzymatic hydrolysis of postconsumer PET materials.

Many previous studies assessed only the degree of crystallinity after an enzymatic PET degradation and compared with an untreated control while the change of the polymer properties during the enzymatic hydrolysis has remained unexplained. In this study, we used a thermostable recombinant polyester hydrolase expressed in *Bacillus subtilis* for the degradation of postconsumer PET food packaging containers. Untreated and partially hydrolyzed polymer samples were analyzed by differential scanning calorimetry, Fourier‐transform infrared spectroscopy, nuclear magnetic resonance spectroscopy, and scanning electron microscopy. The extent of the enzymatic degradation of the different amorphous and crystalline microstructures of the polymer as well as the effects of a physical aging process of the PET polymer during incubation with the enzyme at 70 °C was evaluated.

2. Results and Discussion {#advs1156-sec-0020}
=========================

2.1. *B. subtilis* Expressed a More Active and Thermostable TfCut2 Compared to *Escherichia coli* {#advs1156-sec-0030}
-------------------------------------------------------------------------------------------------

Recombinant *Thermobifida fusca* cutinase TfCut2 was overexpressed in *B. subtilis* and obtained as the only dominant protein in the cell‐free culture supernatant after 42 h of cultivation at 37 °C (Figure S1a, Supporting Information). Compared to the previously reported expression of a highly similar enzyme TfH (99% sequence identity to TfCut2) in *Bacillus megaterium*,[14](#advs1156-bib-0014){ref-type="ref"} TfCut2 could be obtained in higher purity in the growth medium of *B. subtilis* thereby enabling a straightforward purification of the recombinant enzyme by a single size exclusion chromatography step to yield a highly pure enzyme preparation (Figure S1c, Supporting Information). When amorphous GF‐PET (Goodfellow Ltd., Bad Nauheim, Germany) chips were hydrolyzed with TfCut2 at various temperatures for 24 h, the degradation performance was shown to be dependent on the expression hosts used (**Figure** [**1**](#advs1156-fig-0001){ref-type="fig"}a). A weight loss of 22.2 ± 0.9% of the GF‐PET sample could be achieved at 70 °C with TfCut2 expressed in *B. subtilis*, while the *E. coli*‐derived enzyme caused a maximal weight loss of 10.6 ± 0.9% at 65 °C, similarly as reported previously.[15](#advs1156-bib-0015){ref-type="ref"} As shown in Figure [1](#advs1156-fig-0001){ref-type="fig"}b, the apparent melting points of TfCut2 expressed in *B. subtilis* and *E. coli* determined by circular dichroism (CD) spectroscopy were 80.7 ± 0.3 °C and 76.6 ± 0.3 °C, respectively, suggesting a more stable overall structure and superior thermostability of the former. Considering the extracellular nature of TfCut2, the secretory expression using *B. subtilis* was regarded as a more favorable condition for its stable folding compared to the reducing intracellular milieu in *E. coli*.[16](#advs1156-bib-0016){ref-type="ref"}

![Comparison of recombinant TfCut2 expressed in *B. subtilis* (diamonds) and *E. coli* (squares). a) Averaged percentage of weight loss of GF‐PET chips of 0.5 × 3 cm^2^ after incubation at various temperatures for 24 h. Error bars indicate the standard deviation of triplicate determinations. b) Thermal denaturation curve of TfCut2 determined by CD spectroscopy. The fitting curves for the determination of the melting points are shown as a black solid curve and as a grey dashed curve for TfCut2 expressed in *B. subtilis* and *E. coli*, respectively.](ADVS-6-1900491-g001){#advs1156-fig-0001}

2.2. Different Enzymatic Degradability of Amorphous PET Film and PET Postconsumer Packages {#advs1156-sec-0040}
------------------------------------------------------------------------------------------

In this study, the weight loss of bulky PET materials after enzymatic hydrolysis was determined to evaluate the degradation performance. These values indicated the depolymerization of the PET polymers into monomers such as terephthalic acid (TPA) and ethylene glycol (EG) as well as their mono‐ and di‐esters, the release of which could be easily monitored by reversed phased high performance liquid chromatography (HPLC) and correlated with the weight loss determined with the same sample.[17](#advs1156-bib-0017){ref-type="ref"} Enzymatic and chemical hydrolysis of PET at neutral and alkaline condition result in a comparable composition of the soluble degradation products, from which EG can be easily recovered by distillation and TPA by filtration following its precipitation in the presence of a strong mineral acid.[18](#advs1156-bib-0018){ref-type="ref"}

As shown in **Figure** [**2**](#advs1156-fig-0002){ref-type="fig"} (Figure S2a, Supporting Information), PET samples from postconsumer packages (AP‐PET, Agripack, Groupe Guillin, Ornas, France; CP‐PET, Carton Pack Srl, Rutigliano, Italy) and from amorphous film (GF‐PET) hydrolyzed by the *B. subtilis* expressed TfCut2 at 70 °C revealed different degradation performance. In the first 24 h of degradation, weight losses of CP‐PET (15.3 ± 1.5%) and GF‐PET (22.3 ± 0.9%) chips sampled from different parts of the packages and films were detected corresponding to absolute weight losses of 4.8 ± 0.5 mg and 9.9 ± 0.1 mg, respectively. In contrast, AP‐PET chips showed a different biodegradability depending on the origin of the chips sampled from different parts of the packages. Weight losses of the chips were detected in a broad range from 0.3% to 18.9%, corresponding to a maximum absolute weight loss of 7.3 mg (Figure [2](#advs1156-fig-0002){ref-type="fig"}a). With the same enzyme concentration per surface area of the chips (1 nmol cm^−2^) applied to all PET samples, the amorphous GF‐PET showed the highest biodegradability.

![Weight loss of PET chips from AP‐PET (triangles), CP‐PET (filled circles), and GF‐PET (diamonds) hydrolyzed by TfCut2. a) Weight loss of up to 15 chips sampled from different parts of the PET samples after 24 h of incubation with the enzyme at 70 °C. b) Degradation of selected PET chips which showed the highest weight loss in (a) determined over an incubation time of 168 h with the enzyme. Error bars indicate the standard deviations obtained from at least triplicate experiments.](ADVS-6-1900491-g002){#advs1156-fig-0002}

The time course of the enzymatic degradation during a reaction time of 168 h at 70 °C is shown in Figure [2](#advs1156-fig-0002){ref-type="fig"}b with PET chips removed from the most hydrolysis‐susceptible packaging parts. The amorphous GF‐PET chips were almost completely degraded (97.0 ± 3.0%) within 120 h at a linear rate of 20--22% per day in the first 96 h. These rates were slightly lower than those obtained previously with a fungal cutinase (HiC) at 70 °C.[11](#advs1156-bib-0011){ref-type="ref"} From ten individual GF‐PET chip samples, only one left recoverable bulky materials which were characterized later by differential scanning calorimetry (DSC) (**Figure** [**3**](#advs1156-fig-0003){ref-type="fig"}a). In contrast to the amorphous GF‐PET film, the most hydrolysis‐susceptible PET chips from the packages showed a lower linear degradation rate of up to 17% per day up to 48 h of reaction. Subsequently, the degradation curves leveled off to almost no further degradation observed during longer reaction times from 120 to 168 h. AP‐ and CP‐PET chips from different parts of the postconsumer packages showed a strong discrepancy in their degradability after 24 h incubation, as indicated by wide ranges covered by the degradation curves (Figure S2b,c, Supporting Information). After 168 h of incubation, TfCut2 resulted in maximum weight losses of 50.5 ± 1.2% and 56.6 ± 1.4% with AP‐ and CP‐PET chips, respectively. At the same condition, minimum weight losses of 8.2 ± 1.2% for AP‐PET and 23.9 ± 2.4% for CP‐PET were also determined (Figure S2b,c, Supporting Information). These results suggest a heterogeneous distribution of amorphous and crystalline microstructures correlating with different enzymatic degradability within the PET samples. The heterogeneity of the different transparent PET packaging samples is likely the result of their thermoforming process which resulted in local strain‐induced polymer crystallization and discontinuous microstructures.[19](#advs1156-bib-0019){ref-type="ref"} While crystals smaller than the wavelength of the visible light will not reduce the transparency of the PET material, they will still restrict the mobility of the amorphous polymer chains in their neighborhood thereby affecting its overall biodegradability.[20](#advs1156-bib-0020){ref-type="ref"}

![First DSC heating scans of the PET samples. a--c) GF‐PET, AP‐PET, and CP‐PET samples treated with TfCut2 at 70 °C for different time periods and d--f) samples incubated in buffer only.](ADVS-6-1900491-g003){#advs1156-fig-0003}

2.3. Changes of the Microstructure of the PET Samples During Enzymatic Degradation {#advs1156-sec-0050}
----------------------------------------------------------------------------------

DSC analysis of selected PET samples incubated with TfCut2 and with only buffer for up to 120 h is shown in Figure [3](#advs1156-fig-0003){ref-type="fig"}. The first heating scans of the untreated GF‐PET (*t* = 0 h) revealed a glass transition temperature (*T* ~g~) between 75 and 79 °C overlayed by an endothermic signal and a cold crystallization temperature (*T* ~cc~) between 130 and 138 °C as indicated by an exothermic peak in this temperature range (Figure [3](#advs1156-fig-0003){ref-type="fig"}a,d). *T* ~g~ and *T* ~cc~ values of PET determined by DSC are dependent on the heating rate performed.[21](#advs1156-bib-0021){ref-type="ref"} Using the same heating rate of 10 °C min^−1^ by DSC, the *T* ~g~ obtained in this study were in good agreement with a previous study using the same amorphous PET material with however a significant higher *T* ~cc~ of 142 °C.[11](#advs1156-bib-0011){ref-type="ref"} The cold crystallization temperature range is dependent on the magnitude of the nucleation and the rates of crystal growth.[21](#advs1156-bib-0021){ref-type="ref"} Therefore, the GF‐PET used in this study appeared to be more prone to crystallization than the material used by Ronkvist et al. (2009) which demanded higher temperatures for initiating the cold crystallization.[11](#advs1156-bib-0011){ref-type="ref"} In comparison with GF‐PET, the postconsumer PET packaging materials revealed two separate endothermic peaks in the glass transition range, corresponding to a *T* ~g1~ of 75--78 °C and a *T* ~g2~ of 83--85 °C for AP‐PET and a *T* ~g1~ of 77--80 °C and a *T* ~g2~ of 83--85 °C for CP‐PET (Figure [2](#advs1156-fig-0002){ref-type="fig"}b,c,e,f). Only one of the untreated GF‐PET samples (*t* = 0 h) among more than ten samples also showed a *T* ~g1~ of 78 °C and a *T* ~g2~ of 80 °C (Figure [3](#advs1156-fig-0003){ref-type="fig"}d). In a low‐crystalline PET sample, the existence of dual amorphous phases with different conformational mobility has been shown to depend on its initial crystallinity and previous thermal history.\[qv: 20a,b,22\] A mobile amorphous fraction (MAF, *T* ~g1~) has a chain mobility similar to the purely amorphous polymer whereas a rigid amorphous fraction (RAF, *T* ~g2~) shows a lower chain mobility due to its presence within the intraspherulitic or interlamellar regions in close vicinity to the crystalline domains.\[qv: 20b,22a\] The presence of RAF in semicrystalline aromatic polyesters has been described by Menczel and Wunderlich in the 1980s.[23](#advs1156-bib-0023){ref-type="ref"} The RAF present in both postconsumer PET samples and their higher *T* ~g2~ than GF‐PET suggested that the latter has less ordered microstructures. This can be further verified by the lower *T* ~cc~ of postconsumer PET samples between 126 °C and 130 °C determined compared to GF‐PET which is more amorphous and thus requires higher temperatures to initiate the cold crystallization.[21](#advs1156-bib-0021){ref-type="ref"} The melting temperatures of the three types of PET materials were all in the range of 245--251 °C (results not shown) in agreement with previous studies.\[qv: 11,12c,21,24\] At longer incubation times up to 120 h at 70 °C, a shift of the *T* ~g~ to higher values and the disappearance of the lower glass transition peaks was observed after treatment of the PET samples both in the presence and absence of the enzyme (Figure [3](#advs1156-fig-0003){ref-type="fig"}a--c). This result can be attributed to the transition from the MAF to the RAF in the amorphous microstructures of PET resulting in a lower total chain mobility.\[qv: 20a\] Concomitantly, a shift of *T* ~cc~ to a lower temperature range and a decreasing intensity of the cold crystallization peak was also observed in all PET samples. The exothermal cold crystallization occurs spontaneously when a part of the amorphous PET crystallizes. Therefore, the decreasing intensity of the cold crystallization peaks suggested the shrinkage of the amorphous microstructures in the PET samples which were in a thermodynamic nonequilibrium state.\[qv: 20a,25\] Incubation of the amorphous PET samples at 70 °C close to the *T* ~g~ of PET caused their local molecular architectures to rearrange toward a higher order resulting in a state closer to equilibrium.\[qv: 25a\] This process is generally termed as structural relaxation or physical aging.\[qv: 20a,25\] Indeed, no significant differences were observed between the DSC thermograms obtained with PET samples enzymatically degraded or those undergone physical aging when incubated with buffer only. These results suggest that the property changes of the residual bulk PET polymers during enzymatic degradation were mainly caused by the physical aging process rather than by the enzymatic degradation.

Based on the cold crystallization enthalpy and the melting enthalpy values, the change of the degree of crystallinity of the PET samples during the incubation with the enzyme or buffer only was calculated according to Equation [(1)](#advs1156-disp-0001){ref-type="disp-formula"} (**Figure** [**4**](#advs1156-fig-0004){ref-type="fig"}). Untreated AP‐ and CP‐PET with an initial degree of crystallinity in the range of 4--6% can be thus categorized as amorphous PET packaging materials, which were produced using precursor amorphous materials like the GF‐PET films by thermoforming process at a low temperature of around 90 °C.[26](#advs1156-bib-0026){ref-type="ref"} The time courses showed that the crystallinity of all PET samples increased during the incubation at 70 °C. The crystallinity of the GF‐PET incubated without enzyme increased from 2.3% to about 6% over 120 h as a result of physical aging of the material at 70 °C (Figure [4](#advs1156-fig-0004){ref-type="fig"}a). In contrast, when incubated without enzyme, the AP‐PET and CP‐PET samples showed a steeper increase in their crystallinity from 4.3% to more than 13% (Figure [4](#advs1156-fig-0004){ref-type="fig"}b) and from 6.2% to more than 14% (Figure [4](#advs1156-fig-0004){ref-type="fig"}c), respectively, during the first 48 h of incubation. At longer incubation times, the crystallinity increased more slowly indicating that an apparent equilibrium of the molecular rearrangement of the polymer chains characterized by the transition from MAF to RAF was almost reached after 48 h.\[qv: 20a\] Concomitantly, significantly lower rates of the apparent weight losses of the AP‐PET and CP‐PET samples degraded by TfCut2 were observed after 48 h of incubation (Figure [2](#advs1156-fig-0002){ref-type="fig"}b), suggesting that the RAF with a markedly lower chain mobility could not be hydrolyzed by the enzyme. The observed physical aging of the PET materials at 70 °C can therefore be considered as competitive to the enzymatic degradation of the amorphous PET. The untreated GF‐PET sample with a very low crystallinity of 2.3% and without an apparent thermal pretreatment history can be expected to contain a high proportion of MAF which was degraded at a nearly constant high rate within 120 h of incubation (Figure [2](#advs1156-fig-0002){ref-type="fig"}b). Although a moderate increase in crystallinity resulting from physical aging was also observed with the GF‐PET, a significantly lower degradation rate as a result of the transition from MAF to RAF was not observed, implying that the MAF is indeed the hydrolysis‐susceptible part of the amorphous microstructures of PET. Most of the GF‐PET samples were completely degraded after 120 h of incubation and only one residual sample showing an increase of the crystallinity to 21.6% (Figure [4](#advs1156-fig-0004){ref-type="fig"}a) was obtained and cannot be further enzymatically degraded. This result is consistent with a previous study which has reported a crystallinity of 27% determined with a residual amorphous PET sample after incubation for 96 h at 70 °C with the polyester hydrolase HiC.[11](#advs1156-bib-0011){ref-type="ref"} Furthermore, an increase of the crystallinity by 2% as a result of physical aging of the amorphous PET at 70 °C incubated without enzyme has also been observed in their study. An increase in crystallinity of PET samples by 2--3% as a result of physical aging at 60 °C for 72 h, and by 6--8% following incubation with a polyester hydrolase has also been reported.\[qv: 12d\] The lower increase of crystallinity of the PET observed in their study could be explained by the fact that the time required to reach a thermodynamic equilibrium during the physical aging process is dependent on the incubation temperature.\[qv: 20a\] The observed increase of the crystallinity of the amorphous PET samples can be attributed to a synergistic effect of both physical aging and the preferential degradation of the MAF microstructure of the PET polymer. In comparison, the postconsumer PET samples with a significantly higher content of RAF showed a larger increase of their crystallinity of up to 15% due to the physical aging process (Figure [4](#advs1156-fig-0004){ref-type="fig"}b,c). The crystallinity of the samples incubated with the polyester hydrolase TfCut2 increased further up to 20% after 96 h of incubation, although almost no further weight loss could be detected after 72 h (Figure [2](#advs1156-fig-0002){ref-type="fig"}b). This could be explained by an internal reduction of the length of the PET polymer chains by the enzyme as confirmed by nuclear magnetic resonance (NMR) analysis without a release of the breakdown products (see **Figure** [**5**](#advs1156-fig-0005){ref-type="fig"}c below). The shorter PET polymer chains could have fold among themselves and rearranged into intercrystalline domains resulting in a higher crystallinity compared to the physically aged samples.[27](#advs1156-bib-0027){ref-type="ref"}

![Change of the initial crystallinity of the PET samples due to enzymatic degradation and the accompanying physical aging at 70 °C. a--c) Crystallinity determined by DSC of a single PET chip of GF‐PET (filled diamonds), AP‐PET (filled triangles), and CP‐PET (filled circles) as a function of the incubation time. Empty symbols and dashed lines indicate data obtained with samples incubated without enzyme. d) Relationship between the crystallinity of single PET chips and their degradation rates (mg weight loss in 24 h). A linear fitting (dashed line) with a regression coefficient of higher than 0.92 is shown.](ADVS-6-1900491-g004){#advs1156-fig-0004}

![NMR analysis of the PET samples hydrolyzed by TfCut2 suggesting the degradation mechanisms of different PET microstructures. ^1^H spectra of a) AP‐PET and b) CP‐PET recorded in deuterated CDCl~3~/HFIP (16:1, v/v): only spectral regions of 7.8--8.2 ppm and 3.8--4.8 ppm are shown. Integration ratios are given under each signal calculated relative to the CH~2~ signal at around 4.0 ppm. To obtain better visibility, intensities of ^1^H signals in yellow and purple are increased by a factor of 16 and 32, respectively. The ^13^C satellites of the parent HFIP signal (δ^H^, 4.41 ppm) are denoted by asterisks. c) The relative weight loss of the samples is plotted as a function of the DP of GF‐PET (diamonds), AP‐PET (triangles), and CP‐PET (filled circles), with the fitting line (dashed) based on GF‐PET, AP‐PET, and CP‐PET samples with less than 30% weight loss and a fitting line (dotted) based on other AP‐PET and CP‐PET samples with higher weight loss. d) A schematic illustration of the hypothesized enzymatic degradation mechanisms of different PET microstructures. Chemical structures of ethylene glycol and terephthalic acid are illustrated as the degradation products of PET indicating the exo‐type chain scission.](ADVS-6-1900491-g005){#advs1156-fig-0005}

The crystallinity of PET samples showed an inverse linear relationship to the observed weight loss rates (Figure [4](#advs1156-fig-0004){ref-type="fig"}d). Above a crystallinity of 20%, weight losses were not detected since the RAF domains with constrained chain mobility were dominant in the PET samples.\[qv: 20a\] This observation further suggests that only the more flexible MAF of PET are accessible to the polyester hydrolases and not the total amorphous microstructures. Several previous studies have pointed out the relationship of the biodegradability and the initial crystallinity of PET.[10](#advs1156-bib-0010){ref-type="ref"}, [11](#advs1156-bib-0011){ref-type="ref"}, [12](#advs1156-bib-0012){ref-type="ref"} In agreement with these reports our results showed that an enzymatic degradation of PET with higher than 20% crystallinity did not result in any apparent weight loss of the material.\[qv: 12e\]

2.4. NMR Analysis Confirmed Endo‐ and Exo‐type Scissions of the PET Polymer Chains by TfCut2 {#advs1156-sec-0060}
--------------------------------------------------------------------------------------------

The NMR spectra of the postconsumer PET samples AP‐PET and CP‐PET at different stages of enzymatic degradation are shown in Figure [5](#advs1156-fig-0005){ref-type="fig"}a,b. Both spectra of the untreated PET samples revealed two sharp singlets of nearly equal NMR integrals (\<± 1%) at around 8.1 and 4.7 ppm, corresponding to four protons from the terephthalate ring and the oxyethylene units in the main chain, respectively.[28](#advs1156-bib-0028){ref-type="ref"} These two signals did not exhibit a detectable ^1^H shift in the spectra of the CP‐PET during enzymatic degradation (Figure [5](#advs1156-fig-0005){ref-type="fig"}b). In comparison, the AP‐PET showed a 0.02 ppm downfield shift of the ^1^H signal for terephthalate protons compared to their pristine counterpart before enzymatic degradation. Two triplets at δ^H^ of 3.90 (2H, *t*, ^3^ *J* = 5.8 Hz) and 4.49 (2H, *t*, ^3^ *J* = 5.8 Hz) ppm were assigned to the protons of the two oxydiethylenic methylenes.\[qv: 28a\] Diethylene glycol can form during the PET synthesis, and enters subsequently into the growing polyester chains resulting in the formation of an oxydiethylene unit.\[qv: 28b\] The corresponding chain defects lower the glass transition temperature of PET and the extent of its crystalline microstructures.[29](#advs1156-bib-0029){ref-type="ref"} By comparing the ^1^H integrals for oxydiethylene and terephthalate units, mole fraction of the former of ≈2.99% and 2.91% were calculated for the AP‐PET and CP‐PET samples, respectively. Consistently, previous studies have shown oxydiethylene units in the same fraction value ranges in other commercial PET samples.[28](#advs1156-bib-0028){ref-type="ref"}

A relatively weak but well‐resolved ^1^H signal appearing as a triplet at δ^H^ of 4.0 ppm (2H, *t*, ^3^ *J* = 4.7 Hz, colored in purple in Figure [5](#advs1156-fig-0005){ref-type="fig"}a,b) was assigned to the methylene protons α adjacent to the hydroxyl end group of the PET chains.\[qv: 28a\] By comparing the ^1^H integrals for the hydroxyl end groups and the terephthalate units, a mole fraction of 0.61% and 0.60% was determined in the untreated AP‐PET and CP‐PET, respectively. Assuming that each PET polymer chain has only one hydroxyl end group, an apparent degree of polymerization (DP) of 161.7 and 166.7 was obtained for AP‐PET and CP‐PET, respectively, corresponding to an apparent number average molecular weight ($\overline{M}$ ~n~) of 31 500 and 31 000 g mol^−1^, respectively, by applying the molecular weight of 192.2 g mol^−1^ of a single PET repeating unit. These values are in the same order of magnitude of $\overline{M}$ ~n~ of PET samples determined previously by size exclusion chromatography.[10](#advs1156-bib-0010){ref-type="ref"}, [30](#advs1156-bib-0030){ref-type="ref"} By using the NMR‐based method described above, the percentage of weight loss of the enzyme‐treated GF‐PET, AP‐PET, and CP‐PET samples was determined as a function of the corresponding DP of the PET. The corresponding plot is shown in Figure [5](#advs1156-fig-0005){ref-type="fig"}c. With the highly amorphous GF‐PET sample, an apparent linear relationship was observed between the weight loss and the DP. A similar linear relationship was found with the AP‐PET and CP‐PET samples which showed a weight loss of up to 30%. In contrast, those samples incubated with the enzyme for longer times with a concomitant weight loss of more than 30% did not show a linear relationship suggesting that the observed reduction of the DP occurring at longer incubation times was not accompanied by a concomitant release of degradation products resulting in weight loss. A breakdown of the polymer chain resulting in weight loss of the material is characteristic of an exo‐type degradation mechanism releasing oligo‐ or monomers located at the ends of polymer chains.[31](#advs1156-bib-0031){ref-type="ref"} By contrast, an endo‐type degradation will result only in random chain scissions within the polymer and not leading to weight loss of the material.[31](#advs1156-bib-0031){ref-type="ref"} The latter has been previously suggested as the major mechanism of the enzymatic hydrolysis of PET^\[12b\]^ although a release of hydrolysis monomers[32](#advs1156-bib-0032){ref-type="ref"} or weight loss of bulky polymers\[qv: 12c\] indicating an exo‐type degradation mechanism were also observed. It is therefore hypothesized that the enzymatic hydrolysis of PET starts with an endo‐type chain scission after the adsorption and binding of the enzyme to an available ester bond randomly located in the polymer chain, independent of the initial polymer microstructures (Figure [5](#advs1156-fig-0005){ref-type="fig"}d). After this initial chain breakdown, the enzyme can further hydrolyze the neighboring ester bonds available in MAF along the polymer chain via an exo‐type chain scission, which results in the release of degradation products and weight loss of the bulky polymer. In contrast, due to the restricted chain mobility and conformation, neighboring ester bonds in RAF and crystalline PET are often not accessible to the enzyme which has to target far away located accessible ester bonds in a more time‐ and energy‐consuming manner, e.g., desorption and readsorption to the polymer surface. With this respect, the results shown in Figure [5](#advs1156-fig-0005){ref-type="fig"}c provide evidence that following the preferential degradation of the accessible MAF of PET by a combination of endo‐ and exo‐type chain scissions, TfCut2 further catalyzed only endo‐type chain scissions in the less hydrolysis‐susceptible RAF or crystalline microstructures of PET, however, at a much lower rate.

2.5. The Enzyme‐Treated PET Packaging Samples Showed a Changed Surface Morphology {#advs1156-sec-0070}
---------------------------------------------------------------------------------

Analysis of the AP‐ and CP‐PET samples by scanning electron microscopy (SEM) showed drastic changes in their surface morphology following an incubation with the enzyme (**Figure** [**6**](#advs1156-fig-0006){ref-type="fig"}). The apparent cracks and uneven surfaces could reflect the preferential degradation of the amorphous microstructures in the materials with the more recalcitrant regions remaining. The observed sponge‐like surface structures may thereby represent crystalline microstructures not susceptible to enzymatic hydrolysis.

![Surface modification of enzyme‐treated PET packaging samples analyzed by SEM. a) AP‐PET and b) CP‐PET chip surfaces at different extents of weight loss are shown.](ADVS-6-1900491-g006){#advs1156-fig-0006}

3. Conclusions {#advs1156-sec-0080}
==============

Using a recombinant bacterial polyester hydrolase TfCut2 expressed in *B. subtilis*, two different postconsumer PET packaging materials could be efficiently degraded as indicated by an apparent weight loss of up to 50% after incubation at 70 °C for 96 h. DSC analysis confirmed the presence of a MAF fraction of the PET which was more accessible to enzymatic hydrolysis and a RAF fraction which was more difficult to be hydrolyzed by the enzyme. The occurrence of RAF fractions was considered to be related to the presence of neighboring crystalline microstructures in the polymer as a result of a strain‐induced crystallization during the thermoforming manufacturing process of the packaging. During hydrolysis at 70 °C, a transition of MAF to RAF as a result of a physical aging process was observed which resulted in drastically decreased degradation rates during further incubation. An apparent relationship was observed between the amount of the crystalline microstructures in the PET samples and the corresponding degradation rates indicating a preferential hydrolysis of the MAF by the polyester hydrolase TfCut2. A physical aging process observed by incubation of the PET materials at 70 °C negatively influenced their enzymatic degradation. An NMR‐based approach was established to estimate the changes of the apparent degree of polymerization of the PET samples. The results suggested the presence of a combination of exo‐ and endo‐type chain scissions in the MAF whereas the RAF and the remaining crystalline microstructures of PET could be cleaved only in an endo‐type manner and at a much lower rate without concomitant weight losses.

Our findings suggest that thermostable polyester hydrolases with high hydrolysis efficiency against both amorphous and crystalline PET are required, not only aiming to the general low energy and time costs of the biorecycling process but also to reduce the conversion loss caused by the decreased polymer degradability as a result of the accompanying physical aging of PET during the enzymatic degradation.

4. Experimental Section {#advs1156-sec-0090}
=======================

*Construction of Plasmids and Bacterial Strains: B. subtilis* strain RH 11496 was obtained by transformation with the plasmid pDATfCut2 as described previously.[33](#advs1156-bib-0033){ref-type="ref"} The high‐copy plasmid pDATfCut2 was constructed by amplifying the high‐copy number vector pDAM[34](#advs1156-bib-0034){ref-type="ref"} and the synthesized *tfcut2* gene, which encodes the *Thermobifida fusca* cutinase TfCut2,\[qv: 15b\] with optimized codon usage for *B. subtilis* introducing complementary sequences to the 3′‐ends with a melting temperature (*T* ~m~) above 50 °C. AccuPrime Pfx DNA Polymerase (Life Technologies, Carlsbad, USA) was used for DNA amplification by PCR following manufacturer\'s instructions. Amplified products were purified using the Wizard SV gel purification kit (Promega, Madison, USA) and were fused by using the Gibson assembly kit (New England Biolabs, Ipswich, USA). The product was directly used to transform competent cells of the intermediate host *B. subtilis* DB104[35](#advs1156-bib-0035){ref-type="ref"} as described previously.[36](#advs1156-bib-0036){ref-type="ref"}

*Recombinant Enzyme Production, Purification, and Characterization*: For the *B. subtilis* strain RH 11496 used in this study, cultivations of the seed cultures were carried out at 37 °C and 180 rpm in shaking flasks. The first preculture was prepared as an overnight culture of one colony from a lysogeny broth agar plate (10 g L^−1^ bacto‐tryptone, 5 g L^−1^ yeast extract, 10 g L^−1^ NaCl, and 10 g L^−1^ agar) with suitable antibiotics. The secondary inoculum was cultured from 5% (v/v) of the primary inoculum. For the fermentations carried out, the secondary seed cultures were used as an exponentially growing culture to inoculate 0.5 L fermenters with an inoculum size of 3.75% (v/v). The composition of the media used was as described previously.[37](#advs1156-bib-0037){ref-type="ref"} The cultivation was carried out at 37 °C and pH of 7.0 ± 0.2 which was automatically adjusted with NH~3~ and H~2~SO~4~ during the fermentation process of 42 h. The initial aeration and agitation rates were 0.5 vessel volume per minute (vvm) and 1200 rpm. Samples were taken over the entire fermentation process after a cultivation time of 2, 5, 16, 18, 20, 22, and 42 h. After a centrifugation for 15 min at 4500 rpm, the culture supernatant was used for the activity measurement and analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS PAGE). The hydrolytic activity was assayed using *para*‐nitrolphenyl acetate as a substrate. One unit of hydrolytic activity was defined as the amount of enzyme required to produce 1 µmol of *p*‐nitrophenol per min at 20 °C and pH = 7.0. Purification of the recombinant TfCut2 was carried out by size exclusion chromatography (SEC) as described before.\[qv: 15a\]

Recombinant expression of TfCut2 in *E. coli* BL21(DE3) and the subsequent purification sequentially by immobilized metal ion affinity chromatography and SEC was performed as described before.\[qv: 15b\]

The thermal unfolding processes of purified enzymes were investigated by CD spectroscopy using a Jasco J‐715 spectropolarimeter (JASCO, Easton, USA). 10 × 10^−6^ [m]{.smallcaps} of purified enzymes were dissolved in 50 × 10^−3^ [m]{.smallcaps} sodium borate buffer (pH 8.0) in quartz cuvettes with a path length of 2 mm (Hellma, Jena, Germany). The thermal unfolding process was monitored by the ellipticity changes at 220 nm as a function of temperature from 55 to 95 °C in 0.5 °C steps.

*Enzymatic Hydrolysis of the PET Materials*: Amorphous PET film with a thickness of 250 µm was purchased from Goodfellow Ltd. (Bad Nauheim, Germany, product number ES301445; GF‐PET). Postconsumer PET packaging containers for fresh fruit and vegetables obtained from Agripack (Groupe Guillin, Ornas, France; AP‐PET) and Carton Pack (Carton Pack Srl, Rutigliano, Italy; CP‐PET) were also used. Fourier transform infrared spectroscopy (FTIR) measurements of all three PET types were performed in ATR (attenuated total reflection) mode with the FTIR spectrometer Vector 22 (Bruker Corporation, Billerica, MA, USA) and a diamond crystal (Golden Gate Specac, Orpington, UK). The spectra were obtained in the wavenumber range of 550--4000 cm^−1^ using a spectral resolution of 2 cm^−1^ (Figure S3, Supporting Information).

PET chips of 3 × 0.5 cm^2^ with an average weight of 38.9, 31.1, and 44.2 mg for AP‐, CP‐, and GF‐PET, respectively, were placed in a 2 mL reaction vial containing 1.8 mL of K~2~HPO~4~/Cl (1 [m]{.smallcaps}, pH = 8.0) and 1 nmol cm^−2^ of purified TfCut2. Degradation was performed by shaking the reaction vials on a thermoshaker TS1 (Biometra, Göttingen, Germany) at 70 °C and 1000 rpm. The reaction was stopped by cooling the samples on ice. PET chips were washed and dried as described previously and subjected to gravimetric determination of the weight loss.[38](#advs1156-bib-0038){ref-type="ref"}

*DSC Analysis of the PET Materials*: Differential scanning calorimetry was performed using a DSC 8500 calorimeter (PerkinElmer, Waltham, USA) using ≈4--5 mg of a dry PET sample. A heating rate of 10 °C min^−1^ was applied for the temperature range from −20 to 300 °C. The glass transition temperature (*T* ~g~), the cold crystallization temperature (*T* ~cc~), and the melting point (*T* ~m~) of various PET samples were obtained using the first heating scan. The initial fraction crystallinity *X* ~0~ was calculated according to$$X_{0} = X_{\infty}\, + \frac{\Delta H_{cc}}{\Delta H_{m}^{0}\left( T_{cc} \right)}$$ $$X_{\infty} = \frac{\Delta H_{m}}{\Delta H_{m}^{0}\left( T_{m} \right)}$$ $$\Delta H_{m}^{0}\,\left( T_{cc} \right) = \Delta H_{m}^{0}\,\left( T_{m} \right) - \Delta C_{p}\left( {T_{m} - T_{cc}} \right)$$as described before,[21](#advs1156-bib-0021){ref-type="ref"} where *X* ~0~ is the initial crystallinity, *X* ~∞~ is the complete crystallinity, Δ*H* ~m~ is the melting enthalpy, and Δ*H* ~cc~ is the cold crystallization enthalpy. $\Delta H_{m}^{0}(T_{m})$ is the melting enthalpy of pure crystalline PET at the melting temperature of 140 J g^−1^.[39](#advs1156-bib-0039){ref-type="ref"} $\Delta H_{m}^{0}(T_{cc})$ is the melting enthalpy of pure crystalline PET at the temperature of cold crystallization, which can be calculated according to Equation [(3)](#advs1156-disp-0003){ref-type="disp-formula"}. Δ*C* ~p~ is the difference of the heat capacity of amorphous and crystalline PET of 0.17 J g^−1^ K^−1^.[21](#advs1156-bib-0021){ref-type="ref"}

*NMR Analysis of the PET Materials*: The enzyme‐treated PET samples and untreated control samples were dissolved in hexafluoroisopropanol (HFIP, ≥ 99%, Merck KGaA, Darmstadt, Germany) and stored at room temperature over 120 h for a complete dissolution. The PET solutions with a final concentration of 7.14 µg µL^−1^ were used for the NMR analysis. 5 µL of each PET solution was pipetted into a 5 mm NMR tube and mixed with 80 µL chloroform‐*d* (CDCl~3~, 99.5% D, Cambridge Isotope Laboratories, Tewksbury, USA) containing 0.05% (v/v) tetramethylsilane (TMS) as an internal standard (δ^H^, 0.00 ppm). The solvent residual signal of CDCl~3~ calibrated on the TMS scale was used as a reference (δ^H^, 7.24 ppm).

All ^1^H solution NMR experiments were performed with a Bruker DRX‐600 NB spectrometer equipped with a 5 mm TXI probe (Rheinstetten, Germany) at 290.3 ± 0.1 K. An optimized ^1^H 90° pulse of 6.0 µs and a spectral width of 12.02 kHz was employed. The data were recorded with 256 or 1024 scans and a recycle delay of 15 s. A twofold zero‐filled to 128k points and an exponential line broadening of 0.2 Hz was applied to data processing. The baseline was corrected manually afterward. Processed data were analyzed with MestReNova 12.0.0 software (Mestrelab Research, Santiago de Compostela, Spain). For determination of the ^1^H signal of the β CH~2~ protons for the hydroxyl end group, its ^13^C satellite at the low‐field side was not involved in the calculation due to their heavily overlapping with the strong main signal of the CH proton in HFIP (a septet centered at 4.41 ppm).

*SEM Analysis of the PET Materials*: The surface morphology of PET samples were determined by SEM (Ultra 55 SEM, Carl Zeiss Ltd., Göttingen, Germany) with samples coated with a thin (30 nm) chromium film using a Z400 sputter system (Leybold, Hanau, Germany).
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